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SUMMARY 
./ 

An investigation was conducted t o  determine the combustion perform- 
ance  characterist ics of g a s e m  hydrogen f u e l   i n  a single  tubular  turbojet  
combustor. The ccanbustor was operated over a range of In le t -a i r  pressures 
from 3.3 t o  14.3 inches of mercury absolute.  Reference  velocities as high 
a~ 174 feet per second w e r e  invest igated  to   pressures  as low as 8.0,inches 
of  mercury absolute;  reference  velocities at lower pressures w e r e  limited. 
t o  lower  values by the test f a c i l i t y .  Limited comparison tests were con- 
ducted  with  gaseous  propane fuel!, 

%A 

Eydrogen f u e l  burned  over  very  broad  ranges of temperature rise at 
all pressure  conditions  investigated. No combustion in s t ab i l i t y   o r  flame 
blow-out was observed. Combustion e f f i c i enc ie s   i n  excess of 90 percent 

with  velocit ies as high as 174 feet   per  second. A t  pressures below 8.0 
inches of  mercury absolute, marked decreases i n  effictency w e r e  observed. 

Propane operated over only  a very limited range of temperature rise; 
combustion eff ic iencies  w e r e  lower than  those  obtained  with hydrogen  and 
were adversely  affected by increases i n  reference  velocity and decreases 
i n  inlet-air pressure. me superior performance of the hydrogen is at- 
tributed to i ts  higher flame speed and wider flarmability  range. The 
f a c t  that 100-percent  combustion-efficiency w a s  not obtained  over a broad 
range of operating  conditions is a t t r ibu ted   to   inadeqwt  e mixing of the 
f u e l  and air i n  the  prlmary zone of the conibustor used f o r   t h e  tests. 

c were maintained t o  pressures 86 low as 8.0 inches of mercury absolute 

I 

INTRODUCTION 

A research program is being  conducted a t  the mAcA L e w i s  laboratory 
t o  improve combustion efficiency and combustion s t a b i l i t y  limits of tur- 
bojet  combustors. The use of a spec ia l   fue l   to   p rovide  improved perform- 
ance at very low operating  pressures is described i n   t h i s   r e p o r t .  1 

. 
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The limits and efficiency of .combustion i n  the turbojet   are   ser i -  
ously  reduced at low operating  pressures  encountered In low-speed, high- 
a l t i t ude   f l i gh t .  Current combustors i n  engines  with  pressure  ratios of 
5- can  be  operated at subsonic  fli@;ht  conditions  to altitudes d about 
45,000 feet while  maintaining  efficiencies  over 90 percent  {ref. 1). 
Experimental combustors have been  developed (ref. 2 )  that maintain this 
same l eve l  of performance to altitudes of 70,000 feet. The pressures 
encountered i n  subsonLc f l i g h t  a t  70,000 f ee t   a r e  of the order of 4 t o  5 
pounds per s q m e  inch &solute f o r  a compressor pressure  ra t io  of 5. dc 
Some applications for combustors may require  operation at preesuree w e l l  3 
below t h i s  range. For .example, a very  high-alt itude (100,000 f t  ) low- KI 
speed a i r c r a f t  might require com@stion a t  pressures  as low as 1 t o  3 
pounds per  square  inch  absolute;  very low pressures would a l s o  be encoun- 
t e r ed   i n  a combustor supplied wl th  air from a ducted fan, or i n  an 
afterburner. 

- 

" 

" 

A promising al ternat ive t o  further  design improvements for  attaining; 
the  required perfomiiance is the  use of a special, highly react ive  fuel .  
Depending upon airframe requirements, log is t ics ,  and other fac ta rs ,  this 
spec ia l   fue l  may consti tute (1) the main f u e l  supply t o   t h e  engine, (2)  a 
p i l o t  fuel t o  a id  coznbustion of the Gin fuel ,  iir (3) an  a l ternate  fuel 
supply for  use only during  operation a t   t h e  very  severe  conditione. " .r 

To evaluate  the performance character is t ics  of one possible  "special 
fuel,"  low-pressure combustion tes$s were cp$ducted w i t h  a tubular turbo- 
Jet combustor supplied with gaseous  hydrogen fuel. The t e s t e  were con- 
ducted a t  pressures frm. about j t o  .ip -inchee of:-iGrc.py- absolute, and 
reference air velocities from 70 t o  170 feet per second. The resu l t s   a re  
analyzed to  indicate-  the  low-pressure combustion. performance characteris- 
t ics  obtained  with hydrogen, and the ef fec t  of fuel- injector   s ize  and" 
design on the  perfoimance- of t h i s   f u e l .  The data are  cmpared with lim- 
i t e d  data obtained with a gaseous hydrocarbon fuel, propane, a t  some of 
the  conditions  investigated. " 

" 

. . 

" . . .  

.. 

APPARATUS . . .  " 

Combustor Ins ta l la t ion  and  Lnstrumentation 

The ins ta l la t ion  of the  single 533 combustor is sham  schematically 
in figure 1. Air having a dewpoint of either -20° or -70° F was eupplied 
t o   t h e  combustor from the  labaratmy-supply system; the hot exhatist g&es 
from the  combustor were cooled and fed t o  the laboratory  exhaust eystem. 
The air flow t o  the combustor was measured with a square-edged o r i f i ce  
plate   instal led  aEcmding  to  A.S.M.E. specifications and located upstream 
of the  flow-regulating  valves. The combustor-inlet air temperature KBB 

regulated by means  of e lectr ic   heaters .  

. .  

b i .  

" 
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A diagrammatic cross section of t he  combustor instal la t ion  shar ing 
the  posit ion of instrumentation  planes and the  locat ion of temperature- 
and  pressure-measuring  instruments in   these  planes is presented  in   f ig-  
ure 2. Thermocouples and total-pressure  tubes w e r e  located at centers 
of equal  areas.  Construction details of the  instrumentation  probes are 
shown i n  figure 3. The combustor-inlet  and  -outlet  temgeratures were 
indicated on automatic  balancing  potentiometers. Illhe inlet and out le t  
total-pressure  data w e r e  obtained  xith manometers connected t o  12 mani- 
folded  probes a t  s ta t ions A-A and D-D (fig. 2 1. 

Fuel Supply System 

A schematic diagram of t he  system  used t o  supply gaseous f u e l   t o   t h e  
s ingle  combustor i s  presented i n  figure 4. Hydrogen was s to red   i n  38 
cylinders,  manifolded  together, at a pressure of 2600 pounds per  square 
inch. Each cylinder contained  about 2780 cubic feet {at standard atmos- 
pheric  conditions) of hydrogen. The hydrogen was drawn from one or more 
of the  cylinders through a reducing  valve, f i l ter ,  rotameter,   thrott le 
valve,  check  valve,  and  into  the combustor. A relief valve  and a pressure 
switch,  vented to the  atmosphere, were ins ta l led  t o  protect   the  system 
against  excessive  pressures.  Analysis  indicated  the hydrogen t o  be a t  
l e a s t  99 mole percent  pure. Gaseous propane Fuel was supplied  from ap- 
proximately  800-cubic-fmt  cylinders (at standard atmospheric  conditions) 
at 120 pounds per  square  inch through the  same system that was used f o r  
t he  hydrogen. The pur i ty  of t he  propane w a s  estimated by the  supplier t o  
be at l e a s t  96 mole percent. - 

Fuel-flow rates t o   t h e  combustor were measured by rotameters. The 
rotameters were calibrated with a i r  at temperature and pressure condi- 
t ions  that   provided  f luid densities approximately the  same as those of 
the  test  fue l s  a t  the  test conditions.  Appropriate  density  corrections 
were then  applied to the  rotameter measurements. 

Fuel Injectors 

A number of fuel  injectors  w e r e  used in this invest igat ion  to   obtain 
a var ia t ion i n  injection  characterist ics.   Construction details of these 
injectors  are shown in figure 5. Injectors A, B, and C w e r e  commercial 
hollow-cone sWirl-type nozzles modified by removing t h e  s w i r l  par t s  and 
adding six equally  spaced holes positioned 45O from the  axis of t he  noz- 
zle. Injector  D was a similar commercial nozzle  modified by removing the  
s w i r l  parts,   enlarging  the  central   orifice,  and facing the t i p  of the  
in j ec to r   t o  form a sharp-edged or i f ice .   Injector  E was  similar t o   t h e  
m o d i f i e d  "axial tube"  injector used for gaseous fuel inject ion in the  in- 
vestigation  reported  in  reference 3. Injector E w a s  designed to introduce 
the   fue l  a t  a more gradual rate t o  avoid  over-rich  fuel-air  mixtures  in 

* 
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the upstream  primary-combustion zone. The or i f ices  i n  injector  E were 
arranged t o  provide an axial dist r ibut ion of fuel-orifice area approxl- 
m t e l y   t h e  same as   the  axial   d is t r ibut ion of air-entry area contained i n  
the  perforations in  the wal ls  of the combustor l i ne r .  

The flow-rate - pressure-drop  characteristics of these  fuel  injec- 
tors  are  presented in figure 6. Injectors B, D, and E have similar 
pressure-drop  characteristics. " . 

PROCEDURE 

The combustion  performance of gaseous hydrogen f u e l  was determined 
at t h e  following combustor operating  conditions: 

r 
In le t -a i r  Reference  velocity, a Air- 
t o t a l  f t /sec flow 
pressure, r a t e j  .. I in. Hg abB I lb/sec Inlet-air temperature, 

OF 

1.00 100 132 
1.30 131 173 

I I I 

3.3 0.15 65 83 I 
aBased on combustor maximum cross-sectional 

area of 0.267 sq ft. 

The reference  velocities  are  average  values; some variation i n  air-flow 
r a t e  was tolerated a t  the lower pressure  conditions  because of llmita- 
t i ons   i n  the flow control system  used. For the air veloci t ies  and com- 
bustor  temperature-rise  conditions of inter-est, a p r e s e v e  of 3.3 inches 
of mercury absolute was the m i n f m u m  pressure that could be  maintained 
i n  t h e  f a c i l i t y .  

A t  each of these  combustor-inlet  conditions, hydrogen  performance 
data were recmded.over a wide range of fuel-air   ra t ios;   th is   range was 
limited by (I) fuel-flow  metering equipment, ( 2 )  f u e l  supply,  or (3) ex- 
cessive  combustor-outlet  temperatures. Several minutes were allowed 
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f o r  combustion t o   s t a b i l i z e  a t  each condition  b&ore the performance data 
were recorded. The spark plug used for igni t ion was de-energized during 
o p q a t  ion. 

For comparison  purposes,  combustion tests were conducted with gase- 
ous propane fuel at the following inlet-air conditions: 

Inlet-air Reference  velocity, Air- 
t o t a l  ft/sec flow 
pressure, ra te ,  1 in .  Eg abs I lb/sec Inlet-air temperature, 

I 

14.3 
1.00 
0.80 

1.30 

80 

~ 

" 

" 

8.0 
" .75 
" 0.56 

T 
OF 

200 

105 
132 
173 

133 
178 

CAICULCITIONS 

Combustion efficiency w a s  calculated as 

Actual  enthalpy rise across ccmbustor per lb of air  
(Fuel-air  ratio)(Heating  value of fuel) 

For test data obtained w i t h  hydrogen, the enthalpies a t  the combustor 
i n l e t  and out le t  were determined  from the charta  presented in figure 7. 
These charts were constructed from data of reference 4, assuming t he  
following  reaction t o  OCCUT: 

H z +  

02 + 3.78N-2 
2 + excess air +Hz0 + 1.89N2 + excess air 

The enthalpy of the inlet hydxogen-air mixture waa baaed on the air tem- 
perature at s t a t ion  B-B (fig. 2 ) ;  the enthalpy of the exhaust @;&8es, on 
the  arithmstioal  average  indication of t h e  16 chrcpnel-alumel thermocouples 
at  s t a t ion  C-c (fig. 2) .  The enthalpy of the exhaust gas was not corrected 
for variations i n  composition due t o  inefficient  canbustion; that is, only 
water,  nitrogen, and oxygen were aesumsd t o  be present in  the &must gases. 
A heating value f o r  pure hydrogen of 51,571 Bbu per pound ( l i t e r a tu re  value) 
w a s  used. . 

Cambustion e f f ic ienc ies  obtained with p r o p e  were calculated by the 
I method described in reference 5, ueing  the 6a-m W e t  and out le t  
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temperature  measuring  stations. A heating  value for the  propane fue l  of 
19,930 Btu per p w d . ( l i t e r a t u r e   v a l u e )  was used. The small amount  of 
impurities present i n  t h i s   f u e l  would not  affect  i t s  heating  value,  since 
the impurities have heating  values  close t o  tht of  propane. 

.. 

RESULTS 

The combustion  -performance data obtained  with. hydrogen f u e l  Fn the 
single 533 combustor ar-e"presented in table" 1:. 'DE combustion efficien- - 3"- 
cies are plot ted as a function of temperature rise in figure 8. The $ 
check data shown Fn t h i e  figure (tailed symbols) Fndicate a maximum 
deviation of almost 10 percent i n  combustion efficiency,  the larger de- 
viations  occurring a t  the lower operatkg  pressures. This indicated 
reproducibil i ty of data i s  pomer  tban t h a t  normally  expected in   turbojet  
combustion t e s t s .  The factors  that are bel ieved  to  have contributed t o  
the poor r e p r d u c i b i l i t y  include: (I) rotameters have been  observed fie- 
quently t o  given inconsistent gaseous f l u i d  flow messure;inents, ( 2 )  limited 
hydrogen supply  required more rapid  recording of t&e data, wlth  less tfme I 

being  allowed  for'caibuktion  to  reach equilibrium conditions, and (3) 
small variations i n  'inlet pressures and temperatures  occurred  during  data 
recording  operations.  Fuel-flow measurements Were subject t o  par t icular ly  
large  errors  at the very low flow ra tes   required for low-pressure, low- 
temperature-rise  operation. Two ro-t;ameters were used to   obtain  the data 
in different  ranges -of fuel-flow  rate, and these  rotmeters   did not, In 
all cases, provide  equivalent  results.  Inlet-aJr codi t : iom were par- 
t icular ly   subject   to   var ia t ions  a t   the   very low pressure, where the 
maximum capacity of the  exhaust system was being utilized. 

m 

.. . ~II  

- 

" .. 

The performance data presented i n  figure 8 show that, in   p rac t ica l ly  
all cases, combustion efficiency decreased  with an increase i n  tempera- 
tu re  rise. Combustion efficiencies near 100 percent w e r e  a t t a ined   a t   t he  
highest  pressure condition, 14.3 inches of mercury absolfite  (figs. 8(a) 
t o  (f )).  Large  decr-eases in   eff ic iency occurred" alrrly when t he   i n l e t  
pressure was reduced below 6.2 inches of m&rcury absolute.  Considering 
the  reproducibil i ty of the data, the  variEttions i n  nozzle design invee- 
t iga ted  had very -li-b€le effect  -0% cain'ljus-tion"efficIency-."- 31 a nimiber-of 
cases  single  curves  are  used  to  represent  the  data  obtained  Kith two dif- 
ferent  nozzles. The most significant  effects of fuel-injection charac- 
t e r i s t i c s  were  observed at very low teqerature-rise  conditions.  

f 

" 

. . ." 

.. 

The data  obtained wi th  propane f u e l  sre presented in t ab le  II; the 
vaziation i n  combustion efficiency with temperature rise, for each of the 
operating  conditions  investigated, i s -  shown i n  figure 9. Combustfon ef- 
ficiency  generally  decreased  both at law and at Ugh  values of tempera- 
ture rise. Maximum values of temperature r i s e  and flame blow-out were - 
observed at most -of the  operating  conditions  investigated.  Efficiencies 
near 100 percent were at ta ined anly at high-pyess~e,- low-veloci ty  con- 
ditions;  they  decreased  rapidly wi th  a dewease i n  pressure and with an 
increase in reference  velocity. 

- 
" " 

.i 

. .. 

. . - . -. - 
.. . 
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Jncluded i n  figure 9 f o r  comparison are faired curves representing 
the  performace of hydrogen  under similax operating  conditions. 

DLSCUSSION 

Stabili ty  Limits 

w cn 
P 
iP 

The data that have  been presented shaw'that gaseom hydrogen will 
burn i n  an essent ia l ly  'unmodified turbojet  combustor to  pressures as low 
as 3.3 inches of mercury with ve loc i t ies  a t  that pressme of the order 
of 65 to 80 feet per second. Limitations in the test f a c i l i t y  prevented 
operation of .the combustor a t  more severe  conditions. From the observed 
s t a b i l i t y  of conibustion, however, it is considered  probable tha t  satis- 
factory  operation  cod& have been maintained at even more severe  condi- 
t ions.  A t  higher pre813uref3, where larger flow capcities were available,  
combustion was maintained t o  ve loc i t ies  of 153 feet p e r  second at 6.2 
inches of mercury absolute,  and 174 feet per  second at 8.0 inches of 
mercury absolute. Combustion could also be maintained over a very  broad 
range of mel-atr r a t i o  {or  temperature rise). F u d - a i r   r a t i o s  as low 
BS 0.0002 w e r e  investigated,  with no flame blow-out being observed. The 
highest fuel-air r a t i o s  investigated w e r e  always limited by f a c i l i t i e s  
or by instrumentation and never by flame blow-out. 

me poor s t ab i l i t y   cha rac t e r i s t i c s  observed with gaseous  propane a t  
high  fuel-air   ra t ios  {fig. 9 )  are t o  be expected, since th i s  combustor 
was  designed for a l i q u i d  fuel requiring a f i n i t e   l e n g t h  of the combustor 

increased  local fuel-air r a t i o s  i n  the upstream end of the combustor, 
where a r e l a t ive ly  s m a l l  amount of air is  introduced, causing overenrich- 
ment and flame blow-out. The broader  8tEtbility limits obtained w i t h  
hydrogen (fig. 9 )  may be at t r ibuted,  at least i n  part ,  t o  its wider 
flammability range. The lean-to-rich  flammability range f o r  propane is 
2 . 1 t o  9.4 percent by volume; corresponding  values f o r  hydrogen 8 r e  4.0 
t o  74.2 percent  (ref. 6, pp. 749, 751). 

- f o r  complete  evaporation. The subst i tut ion of a gaseous fue l   g rea t ly  

Combustion Efficiency 

Cambustion eff ic iencies  of 90 percent and higher w e r e  obtained with 
hydrogen f u e l  at pressures as low as 8.0 inches of mercury absolute. The 
hlghest eff ic iencies  w e r e  observed at l o w  values of temperature rise. 
This trend  indicates that the pri?mry  combustion zone was operating over- 
r ich .  More  optimum conditions  for combustion were obtained at low over- 
dl f'uel-air ratios. 

s 
Combustion eff ic iencies  of less than 100 percent were obtained at 

prac t ica l ly  all conditions of operation. Losses i n  e f f ic iency   in  
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turbojet  combustors have been a t t r ibu ted   to  (1) insufficient  residence 
time f o r  evaporation, mixing, and combustion of the fue l  and air ( 2 )  
quenching effects  of the  relatively  cool combustor walls, and (35 im- 
pingement of l iqu id  f u e l  on the  walls  (ref. 7 ) .  Qdrogen  fuel has an 
extremely  high flame speed  (about 6 times that of propane, ref.  6 ,  pp. 
460, 468) and requires no vaporization. Also, of course, l iqu id   fue l  
impingement on the  w a l l s  bas b.esn eliminated.  Losses in   e f f ic ienc ies  
are,  therefore, most probably a t t r i bu tab le   t o   e f f ec t s  of w a l l  quenching 
and insuff ic ient  mixing of the   fue l  and the  air. Previous  research 
(ref.  8) has indicated a re la t ion  between combuetion efficiency and com- rl 
bustor  size, as expressed by the  hydraulic radius of the combustor l i n e r  
a t  the plane where the undLsturbed fue l  spray would irnpinge upon the wall. 
This relation was a t t r ibu ted   t o  some of the factors  noted  previously - 
f u e l  .impingement, w a l l  quenching,  and fue l -a i r  mixing patterns.  For the 
combustor and the  operating  conditions  used  in  the  present  tests,  effi- 
ciencies of less than 100 percent would be  predicted. 

d 
CD 
KJ 

From the  preceding  discussion, it would be expected that variations 
i n  injector  design might af fec t  combustion efficiency by affecting  the 
r a t e  of mixing of t he   fue l  and a h .  Observed effects  of variations i n  
indector design on performance of hydrogen were re la t ive ly  minor, and 
occurred  principally at very low values of temperature r i s e .  It must be 
concluded that the  injectors  investigated did not  greatly alter mixing 
characterist ics.  Major chapges In the  afr-introduction system might 
produce more prono-uced  effects on performance. 

Relatively s m a l l  variations in injector deeign produoed very  signifi- 
cant  effects on the conibustion efficiency of propane (fig.  9) .  The nozzle w 

having the smaller or i f ices  and hence the  higher  pressure  differential 
gave higher  efficiencies. In this case the variations i n  mixing charac- 
t e r i s t i c s  were sufficient t o  cause marked changes i n  combmtion perform- 
ance of t h i s  less reactive fuel. 

Considerably  higher  efficiencies were obtained with hydrogen than 
Kfth propane (f ig .  9). T h i s  result would be  expected from previous  re- 
search (ref .  5) indicating that higher combustion eff ic iencies  may be 
obtained with fuels  having  higher  flame  speeds. Figure 9 a l s o  shows that 
the  performance of hydrogen was much less affected by ' la rge  increases in 
reference  velocity than was that of propane. Thia i s  of  importance when 
considering future  development engines u t i l i z ing  higher flow per  unit 
area. 

The effects  of inlet-air pressure pi, temperature Ti, and reference 
velocity Vr,  expressed by the  correlating  parameter Vr-piTi (ref.  2) on 
the  combustion eff ic iencies  of hydrogen and  propane are shown i n  f lgure 
10. Data are shown f o r  value8 of combustor temperature r i s e  of 680° F 
(fig. lO(a)) and 1180° F (fig.   10(b)),  which correspond to   c ru i se  and 
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rated-s eed  requirements,  respectively, of a representative  turbojet 
engine  fref . 9).  Hydrogen data  obtained with injector  B, the only one 
tes ted  at all. operating  conditions, and propane data  obtained with in- 
jector  A, which produced the highest  efficiencies,  are shown i n  this 
camparison. With hydr en, lnaxked decreases i n  efficiency occur  only a t  
very  high  values of V>piTi. The cmbwtion  efficiency of propane w a s  
adversely  affected by increases i n  Vr[piTi even at low values of the 

CN correlating parameter. Also, conibustion of prqpane was not  possible at e the  higher  value of temperature rise because of flame blow-out (fig. 9 >. 
rp 

Curves represents= combustion efficiencies  obtained i n  the same 
tubular combustor with l i qu id  MIL-F-5624.A, grade JP-4 fuel (ref. 7 )  and 
in an experimental annular turbojet  combustor with gaseous  propane fuel 
{ref. 9) are  included i n  figure 10. The liquid-fuel curve  represents the 
performance of the  tubular combustor as  it is currently being used i n  
service. Very la rge  improvements in   eff ic iency at severe  operating con- 
di t ions would be obtained  through the use of gaseous  hydrogen fuel i n  
this  canbustor. 

The experimental combustor curve sham i n  figure 10 is representative 
of the  best  performance that,has been obtained  in  experimental combustors 
invest igated  a t  the NACA Lewis laboratory. A t  low values of Vr/piTi the 
expertmental combustor produced  near  100-percent combustion efficiency; 
however, the limited  data  Indicate that the  efficiency  decreased m o r e  
rapidly with an increase i n  Vr[plTi than did that of hydrogen. It is 
expected that a combination of a  high-performance  experimental combustor 
and  a highly  reactive fuel such-as hydrogen would assure near 100-percent 
combustion eff ic iencies  over a very  broad  range of operating  conditions. 

The following results w e r e  obtained from an  investigation of the 
performance of gaseous  hydrogen fuel in a single tubular combustor oper- 
ated a t  low inlet-air  conditions: 

1. Hydrogen fuel burned over very broad  ranges of combustor  tempera- 
tu re   r i se   (or   fue l -a i r   ra t io)  at pressures as low as 3.3 inches of mercury 
absolute. No combustion ins tab i l i ty   o r  flame  blow-out was observed  within 
the  ranges of fuel and air flaw tha t  were investigated. 

2. A t  in le t -a i r   pressures  of 8.0 inches of mercury  and above, combus- 
t ion  eff ic iencies   in   =cess  of 90 percent were maintained. A t  these  pres- 
sures  the  effects of large  increases i n  reference  a i r   veloci ty  on combus- 
t ion  eff ic iency were re la t ive ly  minor. A t  pressures below 8.0 inches of 
mercury absolute, marked decreases i n  combustion efficiency were observed. 

. 
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3. The cambustion  performance of -hydrogen was not  SIgnLficantly af- 
fected by variations i n  the  design of the   fuel   in jector .  

4. In comparison, a gaseous  hydrocarbon f'uel, propane, burned  over . . . "  

on l y  very l i m i t e d  ranges of temperature.  rise, Copbustion eff ic iencies  
were lower and were very  adversely  affected by increases  in  reference 
velocity and  decrease6 i n  inlet-ai r   pressure  to  8.0 inches of mercury 
absolute. 

. .. 

-+ 
rl 
(D 
m 5. The superior performance of hydrogen fuel is at t r ibuted to i t a  

higher flame  speed and i t s  der flammability range. The f a c t   t h a t  100- 
percent Combustion efficiency was not  obtained Over a broad range of 
operating  conditiona is at t r ibuted  to   l imited m i x i n g  of t he   fue l  and air  
in   the  primary zone  of the combustor used for these tests. 

" - 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee fo r  Aeronautics 

Cleveland, Ohio,  December  23, 1954 
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- 
1 
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5 
6 
7 

8 
9 
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10 
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13 

14 
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16 
17 
18 
19 
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29 
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48 
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51 
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53 
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55 
56 
57 
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:ombustor- 
utlet 
emper- 
:ture 
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lean tea- Combustion 
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lnce flcw r a t i o  
. e l m -   r a t e  
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't/e.CC 
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l n l e  t 
tempera- 
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855 
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1496 
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383 
1050 
170 
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I l l 4  
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1422 
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Lo9 6 
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U89 
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U s 9  
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83.3 
79 .O 
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96.7 
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84.7 
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Loo.0 7 .02  .a0349 

L122 
875 

1522 
1535 
1705 
L95- 
100 

223 
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960 
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1.0 
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2.0 
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.5 
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22.4 
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"4 
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25.4 

42.3 
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47 
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.00284 I I 
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lS3.3  15.90 .00683 
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36 
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168.3 Il4:8l I .00562 1110 
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8.0 =a 1 178 
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932 I 84.0 

64.5 

8.4 I 199 0.729 

0.733 
.732 
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1085 
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9 2 2  
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962 
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55.2 
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37.4 

5.8 
=.a 
25.3 

6 .8  

1 7 . 3  
2.4 

46.3 

6 .3  
2.8 

14.7 
22.7 

4 . 3  
33.7 
19.7 

3.3 

14.7 
19.7 
3.3 
9 . 2  

18.7 

. .. 

1p.a 

3.491 

.495 

.491 

.500 
-500 
.so1 

.so5 

90.7 
89.0 

922 90.0 
184 86 .8  
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1494  04.4 
90.5 

3.151 

. E 2  

.151 

.la 

.152 

.156 .E& . 

. Is1 

.la 

.150 

.154 

.154 

.154 

.152 

3.3 

61 
60 
60 
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823 

1425 

1385 . 
nl 
17u 

616 
1070 
1523 
1805 
599 
lloo 

l a m  
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18Xl n . 4  
82.6 
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87.27 3.51 .00633 
86.26 6.62 .01220 1550 71.5 

lool 72.8 199 
200 
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- 
tun 

- 
59 
60 
61 
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63 

84 
65 
66 

BB 
67 

89 
70 

72 
71 

73 

74 
75 
76 
77 

78 

80 
79 

81 
82 

84 
83 

85 
86 

87 
88 
89 
90 
91 
92 
93 
94 

95 

97 
96 

98 

99 
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.01 
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L O 3  
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.os 
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L o 9  

uo 
1 1 1  
u 2  
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-14 
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26 
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rile t 
omhator- 

mressure. 
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n. Fig abs 
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8.0 

nle t 
cmbustor. 
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39 
4.6 

40 
46 
46 
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2Q3 
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ZLO 

46 

38 
U 

44 
u 
40 
40 
40 
U 
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a38 
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194 
2 a 2 .  
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37 
42 
38 
43 
38 - 
40 
40 
40 

198 
204 

LBO 
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m 
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45 
42 
40 
40 
49 

42 
40 
40 
40 
U 

37 
38 
38 

39 
37 

0.794 79.9 
A00 79.4 
.?99 79.4 
.8O1 80.6 
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.Boo 105.1 

.799 105.1 

.799 105.3 
-800 m.9 
-799 104.8 

.999 100.9 
-999 99.9 
.998 99.2 
-998 1 0 . 4  

1.001 laJ.5 

-997 I 99.5 

.994 
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.999 131.3 
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.999 132.5 

,998 132.4 
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1.298 129.5 

1.298 129.8 
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1.256 171.6 
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-560 99.49 
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.561 99.46 
,558 i 99.32 
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9.54 
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28.45 
38 -09 

9.78 
16.28 
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23 -55 

36.39 

17.28 
9 -91 

26.76 
35.27 
47.50 

1.84 
5.20 
9 -82 
14-65 

9.84 
15-50 

32.01 
23-23 

44.28 

1.85 
4.92 
9.82 

16.93 

10.17 

30.19 
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46.62 
1.68 

8-09 
4.93 

15.23 

14.92 
9-83 

22.46 28.28 
34.23 
35.12 
5-05 
2.07 

16.01 

15-50 
10.89 

19.79 
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27.88 

- 

1.7a 

e m  
5.00 

14.78 
2.66 

5.18 

17.43 
9.67 

13.22 
7.46 

outlet 
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-00514 
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.00340 

.00566 

.00819 

.01265 
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.00276 
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.00745 

.00982 

.Ol318 

.ooo51 

.00145 

.X275 

.004lO 

.00275 
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.00436 
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.00051 

.00157 
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.oo4n 

-00427 
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.00646 
.00998 
.00036 

. a 7 3  

.00105 

.00326 

.a3210 

.@X16 
-00477 
.00602 

.a0343 

1003 
716 

1210 
1630 
2305 

851 
12*18 
l545 
1812 
2040 

600 
955 

1345 
1646 
2010 

147 
340 
586 
814 

1016 
760 

1340 
3646 
2025 

300 
467 

1045 
732 

481 

1205 
a70 
166S 
ll5 
250 

680 
405 

6a3 
805 
loa, 
125!i 

1440 
1465 
4 l l  

847 
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0.00538 1 1005 
-00767 1327 

.002,I 824 
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1008 
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1602 
l042 

55;L 
914 

1307 
1602 
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1133 
806 

1438 
la29 

102 
265 
538 
8W 

444 

m 7  
828 

1622 
71 

210 
365 
640 

4l6 
607 
880 
1060 

1235 
1266 

217 
91 

649 

960 
laB5 
1557 
1812 
202l 

170 
467 

U 8 1  
805 

249 

893 
4.87 

n o 2  
1364 

705 

'97.8 
94.7 
92.0 
87.4 
84.5 

94.5 
91.5 
87.9 
85.7 
83.4 

96.4 
95.1 

88.8 
91.8 

85 -3 
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95.6 
97.5 

93.2 

98.2 

90.9 
93 -0 

87.5 
84.8 

93.3 
92.5 

95.4 
90.3 

97.4 

93.2 
96.0 

88.7 
96.8 
92.4 

JOO .3  
95.3 

94.5 
93.5 
93.1 
91.0 

89.6 
89.8 
94.4 
96.5 
92.9 

90.1 
87.6 
86.3 

84.4 

93.7 
91.1 
92.4 
84.2 
89.5 

91.7 
93.0 
84.3 

93 .O 
87.3 

83.9 

11.3 
5.3 

16.3 

38.3 
27.3 

5.3 
12.3 
21.3 

36.3 
30.3 

14.3 
4.8 

34.3 
25.3 

49.3 

-" 
.9 

4.6 
10.3 

5.3 
12.3 

31.3 
21.3 

45.3 

- 
.a 

13.5 
5 .3  

17.3 
5.3 

29.3 
46.3 

- 4  

10.3 
3.3 

5.3 
11.3 
20.3 
27.3 

34.3 
35.3 

.4  

11.3 

" 

" 

14.4 
8.9 

20.4 
26 -4  
29.4 

"- 
1.0 
6.9 

13.4 
.1 

2.0 
7.9 

11.4 
15.9 

4.7 

. 
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TABLE 1. - Continued. HYEtWpW m O R n A N C E  DATA 

(b) I n j e c t o r  B - concluded 
- 
Run 

- 
119 
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121 
122  
l23 
124 
125 
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127 
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129 
130 
131 

132 
133 
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140 
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1.4 2 
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144 
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147 
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149 
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151 
152 
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156. 
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160 
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L69 
L70 
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1 72 
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1 75 
E 

 stor- or- 
.Met; 
iota1 
n-esaare, 
.P. Hg a b a  
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6.2 

3.3 

0.563 

197 .567 
198 .566 
200 .562 

20 .561 

P O  .560 
190 . I .560 

46 - 

44 

-750 
42 I .7x) 

.729 
68  .728 
59 
42 

.729 

.730 40 

.730 

57 

50 
.145 
.149 

50 .149 

50 . 
45 

-149 

44 
.150 

43 
.150 
.151 

40 .152 

209 
214 

.I48 

.145 
198 . .149 
200 
a31 - .149 

.145 

2M .150 
200 .149 

202 I .149 

- 
3efer- 
cnce 
V e l  803 

LtY, - 
Pt/sec 

130.7 
W2.5 
133.5 
u3.5 
132.9 
134.9 
L32.7 " 

L34.5 
L92.1 
L32.1.. 
L31.1 
132.1 
L32.6 

L 5 5  .o 
L31.9 
W2.3 
LS.4 
L30.9 . 
131.8 
151.3 

175.8 
173.0 
L79.0 
175.8 
L76.1 
L76.4 

U6.7 
u7.9 
u7 .4  
!14.9 
-13.7 

-54.0 
.M . 0 
L53.4" 
153.1 

64.8 
64.9 
64.6 
65.3 
65.3 

65.3 
65.1 

65.3 
65.0 

65.4 

85.1 
84.0 

82.3 
84.3 

84.7 
85.1 - 
84.6 

84.8  
84.4 
84.6 
85.5 
87.5 
87.4 

Fuel- 

rate, 

Fuel-& 
ratio flaw 

l b / h r  

12.26 
.00818 16.55 

0.(10605 

.01248 25.44 .01088 22.20 

1.12 .oO055 
3.22 .W160 
5.03 .00249 

8.89 -.00441 
14.53 

.00111 2.23 

.0072l 

13.52  .W670 
7 . u  .mw3 

16.79 .00831 

11.24 .0042a 
16.21 
21.75 

.W617 

.00357  9.38 

.00555 14.59 

- 0 0 6 8  1.79 .00201 5.28 

.00829 

12.30 . GO618 16.36 
.W465 

.W185 4.91 

.00114  3.02 

14.72 .WE58 
9.12 .m345 

.01084 

.w334 

6.39  .OU75 

9.38 I .a1714 

1.93 
4.54  

.00362 

.00340 1.83 

.00714 3.73 

. 0 8 7 0  

-01539 8.51 
.CUB53 5.64 

4.61 1 .00860 

fern 
mnbuetor- 
utlet  
:emper- 
rture 4 

1258 
15E5 
1822 
2oJ3 
512 
499 
668 

990 
1344 
M05 

1282 
835 

1519 

866 
U51 
1438 
la5 
440 

1014 
755 

1068 
1275 
422 
551 

1125 
826 

221 
709 

1525. 
361 
9 70 

377 

124Q 
708. 

1649 

556 
985 

1537 
633 

1035 

1457 

lo09 
595 

E40 
2030 

1325 
73s 

726 
ll79 
1530 
I381 
m a  

571 
795 

745 
1024 
1550 
loo3 

1050 

1625 
1527 

LB35 
112  

a8 
280 

780 
1146 
m5 

1083 
6 41 

1319 

llas -- 
820 

1594 
147 
401 

974 
691 

868 
1085 
2ll 
353 
624 
921 

177 

1478 
661 

322 
952 

174 
506 

1042 
1451 

500 
928 

1479 
583 
985 

1407 z 
1497 
1990 

526 
1101 
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1329 
9 79 

1781 
1158 

593 
372 
549 

1349 
821 
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l a a h s t i o n  
~rfiolency, 

geroent  

-89 .5 
86.3 
83.2 
84 .O 
94.0 
85.4 
90.7 

88.6 

87.4 
83.2 

89.2 
83.9 
84.7 

95.0 
92.1 
89.2 

100.6 
94.7 
94.8 
88.7 

94.2 
90.7 
88.1 
91.2 
89.2 
84.0 

94.8 

83.6 
86.2 

85.1 
84.1 

84. 'I 
8 4  .I 
8S.8 
r9 .I 
83.5 
73.9 
70 .O 
75.1 
75.3 

70.5  
79.1 
75.2 
70.0 
68.5 

67.5 
70 .8 

71 .O 
75.3 

67.4 
68.7 

71.3 

79.5 
84.7 
76.2 

67.0 
73.0 

75.1 

11.4 
16.4 
P . 4  
2?.4 

2.5 
.5 

12.4 
6.9 

4.5 
11.9 
15.9 

E . 4  
9.4 

22.4 

2.5 
7.1 
13.4 

u . 4  
16.4 

2.0 
.1 

6.9 
u . 4  

"" 

"- 

"" 

"" 

4.8 
17.3 

8.3 
.9 

I" 

2.9 
10.7 
17.3 

0.4 
1.9 
5.3 

.9 
2 - 4  

4.8 

2.8 
.9 

5.6 
9.2 

3.s 
.9 

2.4 
.9 

8.2 
4.8 

5 . 8  

. 4  

1.4 
.4 

1.9 
5.8 
2.1 

t 
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- 
178 
177 
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180 
181 

la2  
183 
184 
185 

l a6  

1aa 
la9 

187 
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192 
193 
194 
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196 
197 
198 
199 

m 
201 
202 
203 
204 

205 
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207 
208 
209 

210 

212 
211 

2x5 

214 

216 
215 
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218 
219 
2-m 
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z22 - 

Combustor, 
inlet 
t o t a l  
pressure, 
in. Hg ab! 

14.3 

:oerbustoF- 
d o t  
xspera- 

-a, 
40 
40 
42 
4a 
42 

197 
205 

197 
ax 

45 
5a 

38 
M 

42 
40 

44 
40 

42 

193 
203 

202 
195 
197 

199 
195 
198 
194 
194 

43 
42 
37 
44 
43 

40 

4l 
u 
K)  

215 
206 
198 
202 

196 
196 

196 
lS6 
194 

.796 104.3 

-795 105.6 
.796 105.5 I 
-797  104.4 

1.002 101.0 
1.ooo 99.8 
1.ooo 100.0 
1.002 99.6 

l.Oo0 ioo.2 
-999 I 132.7 

1.ooo 130.9 
-999 132.5 

1.ooo 131.7 
-999 131.1 

1.ooo 132.1 
-999 151.1 
.999 131.1 
-998 130.8 
-999 130.9 

1.291 130.7 
1.290 m . 3  

1.290 130.8 
1.307 130.7 

1.298 131.1 

1.- 130.8 
1.306 151.7 
1.506 131.7 
1.305 131.3 

1.295 177.0 

1.295 172.6 
1.295 174.7 

1.295 173.6 

1.300 172.6 

1.500 172.6 
1.297 172.2 

1.299 172.5 
1.309 175.4 

- 
mol- 
f lm 
rata 
lb& 

- 
u.30 
16.55 

32.83 
24.26 

37.60 

11 .os 
17.64 

3 6 - S  

12.79 19.20 
34.75 
26.16 

45.12 
1.11 

Lz .43 
5.43 

18.55 

LI.03 
18.53 
27.97 
56.35 
43.72 

2.58 
4.91 
7.66 

15.97 
17.63 

12.71 
21.m 30.73 
40.79 
4 6 . n  

2-02 
5.25 
9.92 

17.93 

11.39 
20.81 

37-44 
24.64 

5.00 
2.49 

7.43 
10.77 
15.32 

25-98 

- 

bel-air  
vat I a 

0.00391 
-00577 
.00849 
.01142 . 01 307 

.a0615 

.ma 

.009Q8 

.01= 

.om55 
-00533 
.00727 
. a 9 6 3  

-01262 
.00031 

. a 3 1 9  

.00152 

. 00515 

.00307 

.00515 
-00778 
.01m 
.01214 

.Om72 

.a0137 

.002l3 
-00440 
.00190 

.00465 
-00273 

.00653 

. O l o O O  

.00878 

. m 4 3  

. m u 2  

.002l1 
-00382 

. m a 4  
-00446 
-00856 
.00803 

.00107 

.m53 

.a0159 .00230 .m25 

[ O m  
!omhustor. 
Ntlet 
amper- 
rtm 

c+ 

1ll1 
785 

1515 
1875 
2355 

908 

1615 
I265 

2025 

770 
1045 
1355 
1660 

20025 
106 

680 
350 

998 

l l 2 4  
800 

1493 
1780 
2020 . 

345 
465 
618 

1040 

612 
943 

1244 
1565 
1130 

1% 
275 

743 

692 
1oL6 

1517 
12-65 

304 
roo 
512 
650 
745 

9aa 

478 

Keen tem- 
perature 

combustor 
OB 

745 
1 0 7 1  
1473 

x113 

1060 
7LI 

1409 
1828 

1005 
725 

1515 
1622 

19.93 

310 
66 

636 
956 

597 
931 

1291 
1585 
1823 

146 
270 
423 
794 
846 

569 

1237 
901 

15EL 

u 2 r  

1687 

a 4  
9 0  

437 
703 

477 

Lo67 
810 

1315 

loa 
204 
316 
454 
601 

:ombustion 
f l f lc lency  

percent  

93.7 
94.6 
92.7 
89.5 
88.3 

91.2 
89.1 
84.1 
82.7 

99.9 
95.4 
94.7 
91.6 

89.7 
96.9 
96.8 
97.0 
93.6 

94.9 
91.8 
88.2 
86.6 
85.5 

92.8 
95.4 

93.8 
90.4 
87.0 

loo .1 
96.7 
95.6 
93.2 
92.5 

1Qz -4 
97.8 
99.0 
90.1 

94.5 
91 .3  
86.4 
87.3 

97.4 
89.5 
94.0 
94.7 
89 .a 

2.4 

m . 3  
5.3 

16.3 
20.3 

6.3 
1.9 

19.3 
12.3 

2.8 

12.3 
6.8 

17.3 

25.3 
" 

" 

2.4 
5.8 

6.8 
2.4 

13.3 
19.3 
24.3 

"" - - 
5.3 
4.3 

2.8 
8.3 

14.3 
22.3 
26.3 

" 

1.4 
2.8 

1.9 

14.3 
8.3 

20-3 

" - 
" 

1.4 
3.8 

. 
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!ombuetw.- Mr-f lor  
n l e  t rate. 

outlet percent 
pressure,  
in. R g  abc 

223 1 14.3 174.2 
L76.8 
L74.0 
L73.8 

" . 
0.4 

13.31 
4.3 

1.300 

198 
1.304 

198 
1.306 
1.305 

L14.0 
L13.5 
u . 2  
U2.6 
U4.0  

ll5.3 
115.3 
116.3 
116.5 

154.2 
L50.7 
L51.2 
El. 2 

65.7 

.64.6 
63.5 

64.9 
66.0 
66 .O 
65.8 

77.4 
76.8 
75;4 

03.9 
78.7 

8 4  .O 
84.3 
84.3 

- 

I__ 

- 
2.4 

16.3 
7.3 

.2 

2.6 
.2 

7.5 
11 .o 
"" 

1.9 
7.3 
15.3 

42 . 0.491' 

30 
40 .491 

.491 
37  .490. 
38 .496 

38 
38 

.so1 

40 
.501 

42 
.so4 
.502 

227 6.2 
228 
229 
230 
231 

, 1.31 0.00074 Po 
4.88 .Do276 575 

16.85 .w955 E 6 5  
8.82 .00499 961 

2.03 . W l l C  260 

1.83 .00102 230 
5.01 , 0 2 7 7  5-45 
8.82 .OD486 908 

12.56 .OX95 I P a  
1.44 . m a 1  sm 
4 . u  .00234 s25 
8.33 .00471 1048 

15.79 .Was lB20 

I1 235 

1 9  2 88.0 

868 
501 07.4 

89.4 
1176  87 .O 

152 
4S1 

90.1 

815 
88.0 
90.4 

1417 86.0 

E/ 
23 9 .491 

0.147 240 I 3.3 
gse 
432  87.4 

1367 
76.1 

1936 
76.6 
71 - 4  

1262 
804 

79.8 
83.2 

1603  78.? 

" 

1 .I 
3.0 
8.7 
1.4 

5.3 
s.3 

4.3 
7 .? 

2.1 

1.1 
,4 

2.1 
4.1 
8.0 

L-v c .I 

58 
60  .142 

.le. 
57 -146 

4a 
48 . -151 

47 
.151 
.151 

' .00573 
.m5B 
.01593 

.00831 

. o n 2 2  

.004a1 

1425 
928 

1993 
852 

w10 
1650 

2.93 
4.99 
8 .38 
2.61 
4.52 
6.10 

24 1 

243 
242 

244 
245 
246 

156 I .145 
157 .la ls5a 72.2 

1439 74.0 
981 79.3 
484 
49 1 

84.5 
73 .7  

1266 
925  75.6 

72.6 
1008  69.6 

169 I -145 

252 
253 
254 

4 97 .a3955 1Ge e:06.1  .015121 xllo 
* 

-. . ..I . . 
202 .148 

( e )  I n j e c t o r  E 

173.6 
5.47 L73.6 

269 0.03046  2.14 

18.3 .. 
9.2 .. 

84.8  1544 
90.4 960 

2.9 89.9 
10[)0 -00558 9.73 L16.0 

4 75 
93.3  149 

510 .00252 4.56 L15.5 
180 0.00076  1.36 LL3.3 

14.3  90.5 
6.3 

839 
95.2 413  

835 ,00348 16.40 L74.0 

1 . 4  91 .o 223 
73.0 72 

423 .00116 

" .. - .  
" 

~72.3 605 .wma 9.78 

"" 

u 5 . a . .  1585 .00988 17-78 

63.9 

5.8 71.6 
2ooo -01632 8 . 7 0  64.4 

1440 
2.4 

1485  .01095 5.76  63.4 
76.1 

0.4 94.4 
965 
516 

1011  .a647  3.42  63.9 
562  0.00261  1.38 

1954  70.2 10.2 . .  

83.2 . 1.24 . .00230 620 SO. 1 .4 

84.5 6 -02 -01107 1598 
-2.8 

81.7 8.34 ,01586 2000 
14007 69.6 6.S 
1817 67.1 

83.5 70.0 634 4Xi 1b2ir -. . m w  3.23 

." -.+ .-.. "I" ". . ." - - . . . .. . " 
9.7 

.- 

257 192 
1.305 
1.305 

258  196 1.310 

262 

0.147 
46 26 4 
46 3.5 263 

-500 4l 

- 1 4 7  
265 
266 

45 
46 

.146 

.I48 

26 7 185. . . -150 
268 188 
269 

- 150 
191 .151 

270 191 .la6 
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TlgLE 11. - PRUFANE P-CE DATA 

(a)  Ipjeator A 

17 

. 

- 
271 
272 
275 
274 
275 

276 
277 
278 
279 
280 

281 
282 
283 
284 
285 

286 
287 
288 
289 

290 
231 
292 
293 - 
- 
294 
295 
296 
297 
El8 

300 
299 

301 
302 
305 

304 
505 
306 
507 
308 

309 

311 

312 
513 
314 
515 

516 
517 
318 
319 

310 

- 

:anbustor. 
M e t  
total 
Fesaure, Ln. Hg abr 

14 -3 

8.0 

14.3 

8.0 

rate, 

36 
57 

0 "2 

42 
-802 

U 
-800 .so0 

196 -801 

196 1 -801 
Po 
195 -989 

.805 

194 -993 
2w -993 

203 -994 
190 
2aJ 

1.293 
1.303 

200 
197 

1.297 
1.233 

198 
201 

1.298 

201 
1.298 
1 .xx, 

200 1.305 

q - % F  204 .561 

-552 

43 "3 

195 
35 -7.99 

.793 

19  2 
as0 -797 

-798 
P l  -798 
196  -797 
2 l l  I 1.007 

193 f -749 

Refer- 

VelOC- 
i t Y  

ence 

ft& 

79.2 
79.3 
79 -9 

104.8 

104.8 
105.4 
1 2 9 . 7  
130.1 
151 -3 

170.1 
152.0 

174.2 
173 -4 
172.0 

173 .U 

175.9 
173.8 

174.3 

- 

132.5 
131.8 
u3.5 ""_ 
- 

80.52 
80.32 

103.5 

104.8 
103.7 
105 -1 

w.3 

133.9 
133.9 

176 -2 
175.7 

166 .O 
176.7 

"- 

"" 

" 

133 -1 ""_ 
" 

"" 

179.1 
178.4 
177.7 

37.85 -01512 llxl 
50.45 -017U 1250 
20.11 -00565 605 
27.68 -00774 735 
33.65 .009U 875 

54.03 .00725 
46.31 -00992 
53.26 .on44 
63-94 -01368 
21-02 .Oom 
34.70  .00742 
51-03 -01086 800 

Iean tem- 
rersture 
-iae 
: h r o u g h  
:mb#std, 

P 

464  

1009 
988 

644 

9 24 
1050 

541 
410 

675 

922 
230 
460 
570 

ass 

548 

542 
259 
459 
500 

621 
440 

581 
621 

in. 

96.5 I 18.3 

89 -0 6.8 

89 -5  233 
83.8 24 -3 
98.7 1 12.3 

81.2 
92.9  21.3 

29 -8 
90.9 
88.7 
92.3 

14-3 
18 .a 

73 -5 35.3 
73.1 
80.1  19.3 

7.3 

61.6 
73 -6 

32.1 
27.2 

8.7 

71.1 

16.23 0.00564 380 340 
22.35' -00771 555 512 

74 -0 0 -4  

29-50 -01m 7 m  
82.6 1.1 

657 81.2 
46.38  -01615 a9S5  956 

2.4 

17.31 .00606 615 . 4 m  
77.2 5.8 
87.0 .6 

22.42  .007el 7si 555 90.4 1.4 
743 

37.06 .01290 1075 874 
90.6  2.8 
89.1 

55.59 -01668  a1280  1084  76.5 
4 -3 

18.27 . a m 4  535 324 a0 -3 .6 
6 -3 

30.52  .a1062 935 

387 61.8 5.8 

44 .O 12.3 

15.91 .W591 415 20.35 -00756 +5Q 
w 6 . 4  1.0 
252 

24.70 -00917 
U . 8  2.0 

27.93 .OM36 as 265 
267 

36.5 
32.6 

3.5 
4.5 
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Total-pressure 
(sections A-A 
and D-D) 

rake Imwcoastantes 
thermocouple 
(section B-B) 

Figure 3. - Construction details of tempmature- and pressure-measuring instruments. 
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"" + 

"\ 
Injector  configurations A, B, and c Injector configuration D 

A 

' Bumber 
hole area, in of holes 
Total open Hole diameter, 

s q  in. 

1 I 0 so6250 6 
0 .OXO 

0 .Om7 

B 
1 
6 0.0938 I 0.0160 

I 0 a0417 
I 

1 

0 -125 6 

0 . O W  
C 0 -0737 

D 0 -0445 0 -238 1 

(a) Injector  COnfigUrStiOnS A,  B, C, and D. 

I 2 3 4 5  6 7 

of holes 

5 
6 3 
7 9 

in. e q  In. 

0.0520 
a 0 3 5 0  
-0520 
.0520 
.02m 
.0520 
.0520 

0 so0636 
.00385 
-00636 
am636 
-00062 
.00636 
-01908 

(b) Injector coIITiguration E. 

Figure 5. - Fuel injectors. 

Total open 
hole area, 

eq in. 

0.0490 

. 

. 
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. . . . . . . . . . . . . . . . . . . .. 

5614 
I 

II I 

Total-meewe drop, P p ,  (lb/aeq in.)2 

Figure 6 .  - Relation between fuel-flow rate and Pp (*re Pf i s  Aael pressure and 

AP i e  hdector presme differential) for gaseous-fuel Fnjectors. 



. . .. . . . . . ... . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  



. .- . . . . . . . . 

.I 
3614 

. ... . . 

I 

. .. 



26 

100 

90 

80 
(a) Cmbuetor-inlet tatal pressure, 14.3 inches of' Ercury . .  

absolute; air-f low rste,"O .8 pound per second; inlet -air 
temperature, 2000 F; reference  velocity, 105 feet per 
second. 

Combustor temperature rise, % 

(b) Combustor-inlet total pressure, 14.3 inches of mercury 
absolute3 air-f low rate, 0.8 pound per  secondj  inlet-air 
temperature, 40° Fj reference  velocity, 80 f e e t  per 
second. 

Figure 8 .  - Variation of cmbustion  efficiency with tempera- 
ture rise for hydrogen fuel i n  single  tubular combustor. 
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flow rate, 1.0 pound per second; inlet -air temperature , e F; reference 
velocity, 132 feet  per second. 

rl 
100 

E 
0 

1 SO 

I 

80 
0 a m  800 1200 1- 2000 2400 

Canbustor temperature r ise ,  OP 

(a)  Canbustor-inlet total preseure, 14.3 inches of plercury  absolute^ air- 
flow rate, 1.0 pound per second; inlet-ai r  temperature, 40' F; reference 
velocity, Loo feet  per second. 

Figure 8. - Continued. Variation of combustion efficiency with tempera- 
ture rise for hydrogen fuel  in single tubular combustor. 
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LOO 

90 

80 

(e)  Combustor-inlet total   pressure,  14.3 inches of nrercury 
absolute; air-flow rate, 1.3 pounds per second; inlet- 
air temperature, 200° F; reference  velocity, 173 feet   per 
second. 

" 

0 400 800 1200 1600 2000 
Combustor temperature riee, ?F 

( f )  Combustor-inlet t o t a l  preesure, 14.3 inches of lpercury 
abeolute; air-flow mte, 1.3 pound8 per aecond; inlet- 
air temperature, 40° FJ reference velocity, W1 f ee t  per 
8e cond . 

Figure 8. - Continued. Variation of cambustion eFpiciency 
with temperature r i e e  f o r  hydrogen fuel i n  single tubular 
combustor. 
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90 

80 

90 

80 

70 

Fuel injector 

(g) Conibustor-inlet t o t a l  pressure, 8.0 inches of mercury absolute3 air- 
flow rate, 0.56 pound per  second^ inlet--  temperature, 200° F; ref- 
erence  velocity, l33 f ee t  per second. 

0 a00 800 1200 1600 ZOO0 2400 
Cambustor temperature rise, 

(h) Combustor-inlet tot& preesure, 8.0 inches of mercurg absolute; air- 
flow rate ,  0.56 pound per second; inlet-air temperature, 40° F; ref- 
erence  velocity, 100 feet per second. 

Figure 8 .  - Continued. Variation of combustion efficiency  with tempera- 
ture   r ise  for hydrogen fuel i n  single tubular couibustar. 
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n 

e 

tl 
8 110 

{ 
u 

100 

0 400 800 1200 1600 ' 
Combustor temperature rise, 

( j )  Combustor-inlet t o t d  pressure, 8.0 inches of 
mercury abaolutej dr-flow rate, 0.73 pound per 
second; inlet-air tempemture, 400 F; reference 
velocity, 132 feet  per second. 

Figure 8 .  - Continue&. Variation of combustion 
efficiency with temperature r i s e  for hyamgen 
fuel i n  single tubular c e t o r .  

0 
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8 

B 

d 

3 
c 

0 
V 

." 
(k) C o & u s t o r - i n l e t  to-kl pressure, 6.2 inches of mercury 

absolute; air-f low rate , 0.50 pound per second; in le t -  
air temperature, 2000 Fj reference velocity, 153 feet 
per second. 

( a )  Combustor-inlet t o t a l  pressure, 6.2 inches of Ercury  
absolute; air-flow rate, 0.50 pound  per  second;  inlet- 
a i r  temperature, 40' Fj reference velocity, 115 fee t  
per second. 

Figure 8. - Continued.  Variation of ccRnbustion efficiency with 
temperature rise for hydrogen fuel in single tubular cambustor. 
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Combustor  temperature  rise, ?F 

(n) Canbustor-inlet  total  pressure, 3.3 inches of laercury absolute; aFr- 
flaw rate, 0.15 pound ger second; i n l e t  -air temperature, 400 P; ref - 
erence velocity, 65 feet per second. 

Figure 8. - Concluded. Variation of canbustion efficiency  with  tempera- 
ture rise far hydrogen fuel i n  single tubular combustor. 

. 
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i 

100 

90 

+I 

u 80 e 
Li 
5 

G 

5 

d 
d 
QJ 

" 70 

aJ 

rl 

% 60 
0 u 

50 

40 

"" Hydrogen ' 

Flame blm-out 
T a i l e d  symbols 

0 400 800 1200 1600 2000 
Combustor temperature rise, ?F 

(a) Combustor-inlet total   pressure,  14.3 inches of mercury 
absolute j i n l e t - a i r  temperature, 20O0 F. 

Figure 9. - Variation of combustion eff ic iency with tempera- 
ture rise f o r  propane f u e l  i n  single tubular combustor and 
comparison with that f o r  hydrogen fue l .  
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35 

Combustor  temperature  rise, OF 

(c) Combustor-inlet total pressure, 8.0 inches of a ~ r c u l y  
absolute;  inlet-air  temperature, 200' F. 

Figure 9. - Concluded. Variation of combustion  efficiency with 
temperature  rise for propane fuel in single tubular combustor 
and comparison  with  that for hydrogen fuel .  
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